Aluminum-doped zinc oxide (AZO) thin lms, a most promising transparent conducting oxide (TCO) material, were deposited on exible and transparent polyethersulphone (PES) substrates by using an RF magnetron sputtering method. The lms were well grown predominantly vertically to substrates with c-axis orientations, as on other rigid substrates. The substrate temperature during growth had no eect on the crystal orientation, but a higher temperature could enhance the electric and the optical properties. The resistivity, which decreases with increasing substrate temperature, showed a minimum electrical resistivity of $ 2:07 ¢ 10 4 ¡cm, and a high optical transmittance of over 90 % in the visible range without any thermal and plasma damage to the PES substrate. The results of the resistivity and of the transmittance in visible range showed that AZO/PES would be superior to ITO on PET, which has been widely studied up to now. These results reveal that AZO can be adopted as a TCO on a exible polymer PES substrate for exible OLED device application.
I. INTRODUCTION
Recently, the research on polymer substrates has been extensive for the development of exible displays, in which exible substrates, such as PET (polyethylene terephthalate), PEN (polyethylene naphathalate), PC (polycarbonate) and PPA (polypropylene adipate), are indispensable for exibility. Besides exibility, these materials can oer many attractive features, including weight reduction, mechanical robustness, and a cost effectiveness, which are very useful for the development of display devices. These enormous advantages could make polymer substrates applicable to large area displays, electronic maps, smart cards, and portable computers [1] .
£ Current Address: Department of Materials Science & Engineering, University of California at Los Angeles, Los Angeles, CA 90095; y E-mail: syjeong@pusan.ac.kr; Fax: +82-55- Nevertheless, the advance of polymer substrates has been impeded by some physical limitations, including less heat durability during the fabrication process. Since polymer materials have less heat durability than inorganic rigid substrates, the fabrication procedure should not include processes requiring high temperatures [2] .
A few scientists have reported research on exible substrates with ITO thin lms on several polymer substrates, such as PET [1, 3] , PC [4] , PEN [5] and PPA [6] . Nowadays, the most widely used substrate is PET polyester lms. These polymer substrates can be severely damaged at the high-temperatures of the sputtering process (200 C $ 300 C). Consequently, a reduced electrical conductivity and a long-term instability of the deposited lm surface make it dicult to achieve and maintain high performance [7] . Compared with the well known and widely used PET, recently developed PES has much superior performances than. It has already been reported that PES shows excellent thermal stability, high optical transmittance, better electrical insulating properties, light weight, high exibility, low water adsorption, and low optical loss [8] . It is clear that these superior properties of PES make it one of the most promising candidates for exible substrates for exible OLED devices.
In this report, as a conducting layer, aluminum doped zinc oxide (AZO) was deposited on PES. AZO has emerged as one of a most promising transparent conducting oxide (TCO) in applications for at panel displays (FPDs), solar cells, and electrochromic glazing. AZO can provide relatively low resistivity and excellent transparency in the visible region. It has been reported that hydrogen can enhance the grain size and the electrical properties in AZO [9] . Because many polymer substrates contain hydrogen in their structure, the hydrogen of PES might have some eect on the physical properties of lms on PES [10{12]. In this research, AZO thin lms were deposited on PES by radio-frequency magnetron sputtering at temperatures below 200 C. The structural, electrical, and optical properties of AZO on PES were investigated, and the potentialities of AZO/PES as a replacement of ITO on PET for OLED device were studied.
II. EXPERIMENTS AND DISCUSSION
Two mol% aluminum-doped zinc oxide thin lms were fabricated on PES by using an RF magnetron sputtering system and by changing the substrate temperature from room temperature to 200 C. Basically, 2 mol% aluminum doping in ZnO is well known to show its maximum conductivity [13] . In order to avoid damage from the plasma, we reduced the plasma power to half that used for other inorganic substrates, such as glass or sapphire. We fabricated AZO/PES thin lms only at temperatures below 200 C to avoid bending or deformation of the PES substrate caused by the thermal damage and by the large dierence in the thermal expansion coecients between AZO and PES. In this experiment, no substrate bending and deformation were observed below 200 C (the right inset in Figure 3) .
In Figure 1 , showing the result of X-ray diraction, only ZnO(002) and ZnO(004) were observed, and they were observed at 2 $ 34.45 and 2 $ 72.57 , respectively. This result indicates that AZO was grown on the PES substrate with a predominantly c-axis orientations, which is similar to the results for glass or sapphire substrates [14{16] . Variations in the growth temperature had no eect on the orientations of the PES lms. However, in the higher substrate temperatures, the intensity was higher, the diraction peak noise was lower, and the FWHM was smaller(not shown in gure). The lattice constants slightly increase with increasing temperature due to the substitution of Al into Zn sites in AZO. This is related with the thermal energy during the crystallization process on PES and will cause some variations in the structural, electrical, and optical properties.
The substrate temperature dependence of the surface morphology, based on SEM and AFM images, is shown in Figure 2 . The surface morphology is a very important factor for a transparent electrode for an OLED, because an inhomogeneous, rough surface can cause breakdown or shortening with upper layers and can cause serious problems in the stability and the performance of device [17, 18] . Figure 2 shows, the average grain size increases with increasing substrate temperature. In addition to this, the root-mean-square(RMS) of roughness decreases with increasing substrate temperature from 5.7 nm at room temperature to 3.7 nm at 200 C. ITO/PET fabricated for OLEDs has been reported to show RMS roughnesses from 3.6 nm to 4.8 nm [17] . From this result, we know that the surface morphology of AZO/PES deposited at 200 C is comparable to that of ITO/PET. Figure 3 shows the optical transmittance of AZO grown on PES substrates at dierent deposition temperatures. The thicknesses of all AZO thin lms were measured to be about 250 nm. The average optical transmittance in the visible range (400 $ 800 nm) reached to over 90 % for all deposition temperatures, which is better than that of commercial ITO lms. In a previous report, ITO on a PET substrate showed a transmittance about from 80 % to 85 % in the visible range [17] . Especially, AZO on PES deposited at 200 C showed an average transparency of 95 % in the visible range, which is more transparent than ITO/PET lms. Although the transmittance of lms depends on the quality of lms, the deposition method, and the thickness, it is clear that AZO lm on PES should be suciently transparent for fabricating exible OLED devices. The left inset of Figure 3 shows that the optical band-gap increased with increasing deposition temperature on the substrate. This change in the band gap with substrate temperature originates from the dierence in crystallization, especially the dierence in electronic states due to the substitution of Al into Zn sites. Figure 4 showed the resistivity of AZO thin lms, measured by using the Van der Pauw method, as a function of the deposition temperature. The resistivity is closely related with the condition of the grains, especially intergrain scattering, at low substrate temperatures. The decrease in resistivity is due to the fact that increasing the deposition temperature can enhance the average grain size, which can reduce the scattering at grain bound- aries. As in Figure 2 shown, the grain size increases and the number of grain decreases with increasing growth temperature. The resistivity of the AZO thin lm decreased from 1.21 ¢ 10 3 ¡ cm to 2.07 ¢ 10 4 ¡ cm as the deposition temperature was increased from 20 C to 200 C. These values are comparable or even better than those of other transparent conducting oxide materials. ITO lms have been reported to exhibit resistivities of 6.87 ¢ 10 4 ¡ cm to 7.04 ¢ 10 4 ¡ cm with some deviations, depending on the fabrication method and the thickness [1, 17] . This result indicates that AZO/PES can replace ITO/PET as a transparent electrode for OLED applications.
The AZO chemical bonding states of zinc and oxygen on the surface of PES thin lms were investigated by using XPS spectra. Figure 5 shows the core level XPS spectra of Zn 2p 2=3 (deposited at (a) 20 C, (b) 100 C and (c) 200 C) and O 1s (deposited at (d) 20 C, (e) 100 C and (f) 200 C). The P 1 at 1022.1 eV could be due to Zn 2P 3=2 in ZnO or ZnAl 2 O 4 , which could not be distinguished clearly [19] . The P 2 at 1021.1 eV was due to metallic zinc [20] . Metallic zinc atoms existed as interstitial atoms in the lattice of AZO lm. The O 1s photoelectron peak showed an apparent asymmetry, as seen in Figures 5 (d) , (e) and (f). This peak could be divided into four dierent peaks P 3 (532.4 eV), P 4 (531.5 eV), P 5 (530.4 eV) and P 6 (529.6 eV). The obtained deconvoluted oxygen spectra of AZO lms agree with the result obtained by Lin et al. [21] . The high binding energy side (P 3 ) was attributed to the presence of chemisorbed oxygen ions on the surface [22] . P 4 originated from the oxygen in Zn 2 Al 2 O 4 [23] . P 5 and P 6 on the low binding energy side of the oxygen spectra are attributed to O 2 ions in the wurtzite structure of a hexagonal Zn 2+ ion array, surrounded by Zn (or substitutional Al) atoms with their full component of nearest-neighbor O 2 ions [24] . The increases in the peaks P 5 and P 6 shows the contribution due to well-crystallized ZnO and Al atoms well-substituted into Zn sites. However, the ratio be- Fig. 5 . X-ray photoelectron spectra of the zinc 2P 3=2 and the oxygen 1S levels.
tween P 1 and P 2 was very much larger than that of an inorganic rigid substrate. The large metallic state may be attributed to the contribution of hydrogen [10{12].
III. CONCLUSIONS
We have successfully fabricated AZO lms on transparent exible PES substrates. The AZO lms with a hexagonal wurtzite structure were well grown on PES substrates below at temperature 200 C without deformation of the lms. The resistivity of the thin lm deposited at 200 C reached $ 2:07 ¢ 10 4 ¡ cm. The optical transmittance of the 250 nm thick thin lms was above 90 % in the visible range. Most of all, the electric resistivity value of our AZO coated on PES substrates was lower than that of other reported samples deposited on several polymeric substrates [1, 25] . The investigations of the crystallinity, the optical transparency, the surface morphology, and the electric conductivity showed the potential for using AZO/PES for optical and electrical applications, especially exible display devices. This study is also applicable to a basic study of hydrogen storage [10{12,26] .
